particles and AM are cleared by the mucociliary escalator by
were coated evenly as observed by the fluorescence of B[a]P using a fluorescence microscope; in numerous (n ϭ 5) microscopic fields viewed Table I . Physical characteristics of particles optically using the fluorescence microscope, each contained multiple particles, all of which were observed to be coated evenly over the surfaces in view. Particle type % Ͻstated size Count median Surface area diameter Alveolar macrophage cell culture AM were isolated by lung lavage with cold sterile saline (calcium and Fe 2 O 3 98.9 Ͻ5 µm a 1.2 µm c 10.8 m 2 /g a magnesium free). The lavage fluid was centrifuged at 400 g at room temperature 91.5 ഛ1 µm for 10 min. The cell pellets were resuspended in RPMI-1640 medium (Sigma) Al 2 O 3 99 Ͻ5 µm b 0.3 µm c 198.4 m 2 /g a containing 0.1% gentamycin, 25 mM L-glutamine, 0.2% sodium bicarbonate 80 Ͻ1 µm and 2 mg/ml bovine serum albumin. An aliquot of the cell suspension was removed to determine AM concentrations using a hemocytometer. AM a Sized by Micromeritics (Norcross, GA) (33) .
(1 ϫ 10 6 ) were plated on a 35-mm plastic culture dish (Corning Glass Works, b Sized by NIOSH (Cincinnati, OH) 1992 (33) .
Corning, NY) at 37°C in a humidified atmosphere with 5% CO 2 . After 1.5 h c Sized by author (J.C.) (34).
the AM were washed twice with RPMI-1640 medium (total 4 ml) to remove unattached cells. Aliquots of 2.5 ml of fresh RPMI-1640 medium containing different concentrations of B[a]P-coated particles were administered to the which~24-120 ϫ 10 6 human AM and 0.75 ϫ 10 6 rat AM AM. After 24 h, the medium was removed and AM were washed twice with are removed daily (23). During movement of the mucociliary a total of 4 ml fresh RPMI-1640 medium. The erythrosin B dye exclusion escalator, active metabolites may have the opportunity to assay was used to determine the cytotoxicity of B[a]P-coated particles (27) .
contact and interact with the cells of the epithelium along the 
Materials and methods
plate, an inhibitor of epoxide hydrolase) (14, 28, 29) . After incubation, the cell culture media were collected and the AM rinsed twice with fresh cold Chemicals (1.5 ml) RPMI 1640 medium. The washes were added to the media, then Radiolabeled B[a]P, 99% pure and verified by high pressure liquid chromatocentrifuged at 400 g for 5 min to separate particles (with cell debris) and graphy (HPLC), was purchased from Amersham (Arlington Heights, IL) culture media. AM were removed from the plate by incubation wth 0.5 ml/ ( [7, [10] [11] [12] [13] [14] conditions: Whatman ODS-2, 10 µm C-18 column 4.6 mm ϫ 25 cm at α-Naphthoflavone (α-NF) and cyclohexene oxide (CO) were purchased from ambient temperature with a flow of 1 ml/min and a methanolϪwater gradient Sigma (St Louis, MO). In order to avoid photo-oxidation, all compounds from 80-100% over a 32 min period. The gradient was 80-82% methanol for were handled under yellow light (12, 13 Co., MA). These inserts prevented physical contact of cells but allowed from SASCO Co. (Indianapolis, IN) and housed one per cage in stainless passage of metabolites into surrounding media. Approximately 3 ϫ 10 6 HTE steel racks. Hamsters were fed ad libitum up to the time of killing. Animals were plated in a 35 mm culture dish containing 2.5 ml RPMI 1640 medium were maintained in an environment of 26 Ϯ°C, 45 Ϯ 5% relative humidity, (10% newborn calf serum) at 37°C with 5% CO 2 for 3-4 h. After incubation, and a 12 h lightϪdark cycle.
the unattached HTE were removed by washing the plates with fresh RPMI-B[a]P-coated particles preparation 1640 medium (twice 2 ml/each time). AM (3 ϫ 10 6 ) isolated from hamster were co-cultured with HTE by placing AM on the cellular minipore insert A mixture of the [ 14 C]B[a]P and non-radiolabeled B[a]P (19.8 nmol, 0.5 µCi) was evaporated to dryness under a gentle stream of nitrogen to remove the inside the culture dish. After 1.5 h the medium was removed and cells were then washed with fresh RPMI-1640 medium (twice 2 ml/each time) and toluene (40°C). The dried B[a]P mixture was dissolved in acetone (50 µl) and transferred to particles. Particles coated with B[a]P were dried in a sterile administered with various concentrations of B[a]P-coated particles. After 24 h incubation, the medium and cellular insert were removed and the plates were 20 ml glass vial. The B[a]P-coated particles were resuspended in RPMI-1640 medium and 2.5 ml medium was applied to each AM plate. The particles washed with fresh RPMI-1640 medium (twice 2 ml/each time). HTE were washed, removed and collected by incubation with 0.5 ml/plate trypsinϪEDTA Statistical analysis for 30 min at room temperature.
The Wilcoxon rank-sum test or the paired t-test was used to evaluate differences among treatment groups based on the distribution of the data (32).
Isolation of DNA and DNA adduct analysis from HTE
Cells were centrifuged at 125 g for 5 min. The cell pellets were suspended Results in 1 ml of 1% SDS, 1 mM EDTA and 24 µl 1 M Tris, pH 7.4, for homogenization. Then 24 µl RNase A (10 mg/ml; Sigma) and 8 µl RNase T 1
Physical characteristics of particles
(5 U/ µl; Sigma) were added and the mixtures were incubated at 37°C for Fe 2 O 3 and Al 2 O 3 particles contain a substantial portion within 1 h. Next, 60 µl of proteinase K (10 mg/ml; Sigma) was added and the sample the respirable range, as evidenced by at least 98% being mixtures were incubated at 37°C for 30 min. DNA was isolated by sequential extraction using phenol (saturated with 10 mM Tris buffer, pH 7.4), 1:1 Ͻ5 µm in diameter (33; Table I DNA concentrations were determined spectrophotometrically (30) . The 32 Prespectively, obtained in double deionized water by suspending postlabeling assay was performed as described by Reddy and Randerath (31) particles before deposition and analyzing with a scanning with some modifications. DNA was hydrolyzed to 3Ј-phosphodeoxynucleotides electron microscope equipped with an X-ray spectrometer and with micrococcal endonuclease (0.25 U) and calf spleen phosphodiesterase image analysis system (33) . Since the medium (RPMI 1640) (0.001 U) at 37°C for 3 h followed by digestion with nuclease P1 (3.5 U) at contained amino acids, glucose and serum albumin that could 37°C for 40 min to convert unmodified nucleotides to nucleosides. The modified nucleotides were labeled with [γ-32 P]ATP (100 µCi/sample) by increase particle agglomeration, we used optical light micro- detected by autoradiography were excised and radioactivities were determined particles.
by liquid scintillation spectrometry. Recoveries and phosphorylation efficiencies were not determined so the calculated levels represent minimum values.
Uptake studies
The levels of DNA adduct were estimated using the relative adduct labeling
At 24 h, the results of B[a]P uptake in AM, the total activity (RAL). The RAL is defined as CPM adducts ϫ 10 9 /specific activity of ATP ϫ (3240 pmol dNTP/µg) ϫ µg DNA (31 Figure 2 ). CoThe metabolites identified compared to standards were the incubation with both CO (10 Ϫ3 M), an inhibitor of epoxide 4,5-, 7,8-and 9,10-dihydrodiols, the 3-, 7-and 9-hydroxy and hydrolase, and α-NF (5 µM), further decreased the total 4,5-and 3,6-quinones of B[a]P (Figure 1) the metabolic capacity of AM in several species, including human (35), rodent (12) , rabbit (12, 13) and dog (8). Our data in HTE in co-culture with AM. The TLC maps in Figure 4 indicate that B[a]P adsorbed onto particles is capable of being are representative of the autoradiographic patterns observed phagocytozed (electron microscopy, data not shown) and from different samples analyzed. In general, there were two metabolized by AM. The B[a]P metabolites identified and main adducts in each sample. Adduct 1 and adduct 2 displayed quantified in both the media and cells indicate that AM are chromatographic behavior similar to the standards of the capable of metabolizing B[a]P on particles and releasing the (ϩ) and (Ϫ)-enantiomers of anti-BPDE-dG ( Figure 5 ). With metabolites into the media. addition of the inhibitors (α-NF and CO), the adduct level Evidence for epoxides (4,5-oxide, 7,8-oxide and 9,10-oxide) reduced significantly, yet the pattern of adducts did not change.
binding to DNA without further metabolism has been reported (36, 37) . The final dihydrodiols also reflect, to some degree, Quantitation of adducts. Total RAL for each sample is shown in Figure 6 when either α-NF or α-NF and enzymes or decrease the turnover rate of P-450 enzymes. CO were combined. Neither inhibitor revealed any sign of However, the only data supporting modulation is the significant cytotoxicity to either AM or HTE cells (data not shown).
suppression of B[a]P metabolism in the presence of inhibitors, In this study, Ͻ1% of the total B[a]P metabolites were an event which occurs independent of the particle type. water-soluble, which was consistent with our previous report (11 these data support the notion that the involvement of AM may contribute to the process of pulmonary pathogenesis. Phagocytosis is typically characterized by uptake of particulate of Al 2 O 3 or B[a]P alone. These results corroborate and provide a potential mechanism via increased uptake for the enhanced carcinogenicity of these treatments in long-term studies (7) .
The formation of total adducts can be significantly reduced Conclusion by addition of inhibitors (α-NF and CO). The level of adduct 2 [(Ϫ)-anti-BPDE-dG] was also decreased by co-incubation
The results presented here support the hypothesis that Fe 2 O 3 with inhibitors. This adduct has been associated with the can enhance the uptake and metabolism of B[a]P in pulmonary peroxyl radical pathway (48, 49) . Initially the conversion of AM and subsequently increase the binding of B[a]P metabolites parent B[a]P to (ϩ)-7,8-dihydrodiol involves P-450 and epoxto the DNA of pulmonary epithelial cells. The overall enhanceide hydrolase (14) . The formation of (Ϫ)-anti-BPDE-dG is ment of B[a]P uptake, metabolism and DNA adduct formation then mediated through processes such as peroxyl radicals to might rely on several properties of Fe 2 O 3 particles, including epoxidize (ϩ)-7,8-dihydrodiol-B[a]P (48). Since earlier steps particle size and their capacities to: (i) stimulate phagocytosis; that involve the formation of dihydrodiols were hindered by (ii) stimulate or decrease the turnover rate of P-450 enzymes; inhibitors, the level of formation of the (Ϫ)-anti-BPDE-dG and (iii) perturb cellular membranes to generate peroxyl could also be affected and reduced as we have seen. It is of radicals. Understanding the metabolic activation of PAHs on interest to note that exposure to asbestos, silica or quartz various types of particles is important for estimating the toxic, particles is associated with the elevation of lipid peroxidamutagenic and carcinogenic potential of particle PAH coexposure in the occupational settings. tion (50, 51) .
